Iron oxide nanoparticles (IONPs) were synthesized by a novel aqueous synthesis route which combines co-precipitation (CP) and hydrothermal (HT) treatment, termed CP + HT, and compared with IONPs obtained by the standard CP method. Properties of both types of IONPs, including their morphology, diameters, composition, structure and crystallinity, as well as magnetic properties and toxicity were studied and correlated with the synthesis route. Their potential application as mediators for hyperthermia treatment has been evaluated by the specific absorption rate (SAR). Studies showed that IONPs obtained by a novel CP + HT route have a more controlled morphology, structure and crystallinity, leading to better magnetic properties and SAR as compared to IONPs synthesized by CP. Reported IONPs are also not toxic as shown by two assays in two cell lines. These results suggest that our IONPs are suitable for biomedical applications, especially as mediators for the hyperthermia treatment.
Introduction
Magnetic nanoparticles (MNPs) are widely used for numerous applications from solid state 1 to biomedical ones. [2] [3] [4] MNPs also have a large, unexploited potential for diagnostics, especially as MRI contrast agents, and for therapy, for instance via magneticallyinduced hyperthermia. 5 These possibilities are currently driving many research goals. [6] [7] [8] [9] [10] [11] Some of the most studied MNPs are iron oxide nanoparticles (IONPs), because of their biocompatibility, metabolization in the body, and versatile synthesis and properties.
12 Magnetite (Fe 3 O 4 ) has larger values for all desirable magnetic properties than maghemite (g-Fe 2 O 3 ); however the latter is preferred for biomedicine because the presence of Fe 2+ in the former promotes oxidative stress. 13 Moreover, superparamagnetic IONPs are favoured over ferromagnetic ones, since the latter fosters thrombosis and agglomeration. MNPs, located in tumour tissues, all placed in a homogeneous alternating magnetic eld with frequency f and amplitude H.
17,18
Due to both the maximal energy to which humans can be exposed and to temperature uctuations, there is a limit for the product f$H, which is for the smaller exposed volume (like in a coil of 10 cm in diameter) $5 Â 10 9 A m À1 s
À1
. 19, 20 The heat generated by MNPs induces either directly cell death or tissue sensitization to increase the efficacy of other anti-cancer therapies. The heating ability of MNPs is quantied by the rate of heat dissipation per unit mass of MNPs; this is termed the specic absorption rate (SAR). Currently, one of the main obstacle for clinical applications of hyperthermia is that successful hyperthermia treatment requires large amounts of IONPs injected directly to the targeted site, as employed by Magforce. 21 This excludes systemic injection, which would for example be essential for treating inaccessible metastases. Thus, there is a need to develop MNPs which have both higher SAR values for improved treatment with reduced injected dose, and which are effective under the clinically allowed f$H conditions.
Besides f and H, SAR is also a complicated non-linear function of the anisotropy constant K, the magnetic volume V m , and the saturation magnetization M s , where optimization of the rst two variables has the largest effect on increasing SAR. 22, 23 The anisotropy constant has different contributions, among which the shape anisotropy has been mostly used for K increase in MNPs. Typically, the magnetic volume is smaller than the MNPs' volume due to structurally disordered in the "bulk" of a MNP and/or at the surface layer having disordered spins. Besides this, the optimal magnetic volume for SAR maximization in ideal spherical IONPs was calculated to correspond to an IONP diameter of $19 nm for an applied frequency of 300 kHz and magnetic eld strengths of 2500-9000 A m
. 15, 23 Unfortunately, using co-precipitation (CP), the most common method to synthesize IONPs, the control over their size and size distribution is thermodynamically limited. 24 In the other frequently used synthesis method, the hydrothermal method (HT), the size control can be achieved by the choice of the synthesis parameters, such as the choice of organic solvent(s) and/ or surface-capping agent(s), high temperature and/or pressure. 25 Indeed, regardless of the synthesis route, these parameters are used to control all MNPs' variables important for SAR (shape, magnetic volume, structural order and magnetic properties). However, these synthesis parameters, along with frequently used toxic molecules/ions, are oen noncompliant with regulations in nanomedicine, 26 
30,31
From the above, we identied the goal of developing IONPs with controlled properties to act as efficient mediators for hyperthermia treatment by increased SAR. Further, these IONPs would need to be synthesized in conditions that enable translational research (e.g. no toxic molecules/ions, no organic solvent(s), no capping agent(s), minimal elevated temperature and/or pressure). Achieving this goal requires not only detailed understanding of structural-properties relationships, but further correlation of these to the synthesis mechanism in order that the important IONP variables can be controlled.
Here, we report a study of the structure-properties relation in IONPs synthesized by our novel aqueous synthesis route which combines CP and HT treatment, termed CP + HT. This led to IONPs with an optimal set of properties including shape, size (volume), structural order, crystallinity, and saturation magneti- 3 for oxidation in an oil bath at 120 C for 30 min. The system was allowed to cool to room temperature, the remaining liquid was discarded, and 100 ml of ddH 2 O was added to the slurry, which was immediately dispersed. The suspension was washed with ddH 2 O and dialyzed (Spectra/Por®; 12-14 kDa) against 10 mM HNO 3 for 48 h by changing the dialysis solution every 10-12 h, and nally, the obtained stable suspensions were stored at 4 C.
Characterisation of IONPs
Powder XRD experiment. The experimental powder XRD data were obtained in Swiss-Norwegian beamline (ESRF, Grenoble). The powder sample was taken as supplied and inserted into 0.5 mm diameter, thin-walled glass capillaries. The diffraction patterns were recorded using an incident X-ray beam cross section of 0.3 mm Â 0.3 mm. Diffraction patterns have been collected at room temperature. The wavelength l ¼ 0.6934Å was selected using the double-crystal monochromator. Powder diffraction was measured using the PILATUS-2M pixel detector. The area detector image was integrated to produce a one-dimensional powder pattern, showing the diffracted intensity as a function of the scattering angle 2q. A pattern from a reference sample of LaB 6 (lanthanum hexaboride) was collected immediately before the experiment in order to precisely calibrate the sample-to-detector distance, the beam centre on the detector, and other parameters such as detector tilt. The experimental lattice parameter of the LaB 6 cubic unit cell, a ¼ 4.15496(4)Å, has been measured as equal to published one, a ¼ 4.1549(1)Å (ICSD collection code 152466
36
). JANA2006 program package 37 was used for Rietveld structure renement and all other structure calculations. The Pseudo-Voigt function combining with the tensor method for the strain broadening was applied for the prole approximation. Legendre polynomials were used for t of background. Quality of the renement was checked with examination of the residual electron density, Dr, maps. For the average crystallite size (D) estimation, the measured characteristics, full wide at half maximum, FWHM ¼ B obs and q angle, along with instrument effect, B std ¼ 0.05 for the used device, shape factor K ¼ 0.9 and the wavelength l ¼ 0.6934 were used in the Scherrer equation:
The contribution of the lattice strain into the line broadening is only 0.5-1.6% B obs in the analysed sample. This contribution affects the average size value beyond the estimation accuracy. The log-normal distribution function has been used for the estimation of the crystallite size distribution:
where m ¼ D has been used as an approximation of the median crystallite size; and s has been taken from the prole t of each single experimental reection taken aer subtraction of background and correction for the strain effect.
Magnetic characterization. AC susceptibility measurements at 100, 464, 2154 and 10 000 Hz have been performed as a function of temperature, and AC susceptibility measurements at 300 K have been performed as a function of frequency in a PPMS 9T equipment from Quantum Design. M(H) hysteresis cycles were measured in a MPMS 5S equipment also from Quantum Design. The magnetic measurements were carried out in double gelatin capsules loaded with 100 ml of the as prepared sample suspensions. The diamagnetic contribution of the container and the water was also measured and subtracted from the total magnetization.
Hyperthermia measurements. 
À1
) were calculated from the T(t) curves as followed:
DT Dt where C p is the effective specic heat capacity (( 
Results and discussion
IONPs were synthesized by our novel aqueous synthesis method which combines standard CP and HT treatment, and thus named CP + HT. 34 In our previous study, we optimized the synthesis parameters, such as the Fe 3+ /Fe 2+ ratio, base concentration, temperature, synthesis duration, that allowed us control over the size, shape and phase of these IONPs. 34 Briey, stoichiometric amounts of Fe 2+ and Fe 3+ salts were co-precipitated in alkaline milieu and subsequently hydrothermally treated for 24 h. Subsequent oxidation yielded preferred g-Fe 2 O 3 IONPs which were then characterized without size separation, corresponding to IONPs' sample CP + HT. In order to assess if IONPs obtained by this novel synthesis route had advantageous properties with respect to IONPs synthesized by standard CP, 32,33 we studied and compared the properties of both types of IONPs, novel CP + HT and standard CP.
Morphology and composition
Representative transmission electron microscopy (TEM) micrographs of IONPs in samples CP and CP + HT are shown in Fig. 1 (a and b, respectively) . The difference in the shape of IONPs in these samples can be seen. IONPs in sample CP had irregular shapes with a tendency towards spherical one (Fig. 1a and insert). On the contrary, the IONPs in sample CP + HT had clearly dened and mostly faceted surfaces, and also, dened shapes (typically rectangular or ellipsoidal and spherical). Moreover, as expected, IONPs in sample CP + HT exposed to HT treatment resulted in larger particles. The primary particle diameter or equivalent diameter, oen termed "TEM diameter", d T , was calculated from 1000 manually measured IONPs' Feret diameters from representative TEM micrographs (see the Experimental section for calculation details). Fig. 1c The IR spectra of the IONPs both as a suspension and as powders (see Fig. S1a and b †) showed multiple bands between 800 and 400 cm À1 , which indicate a structure close to vacancy ordered g-Fe 2 O 3 . The structure of the IONPs was also evaluated by X-ray photoelectron spectroscopy (XPS), with the spectra conrming no structural difference between the samples. In addition, the core-level spectra in the Fe 2p regions correspond to g-Fe 2 O 3 40 (spectra are given in Fig. S2 †) . Moreover, we have performed UV-vis absorption measurement of IONPs suspensions and the obtained spectra (see Fig. S3 †) for samples CP and CP + HT showed a small change in the absorption band maxima (from smaller to larger IONPs' samples, from 227 nm to 232 nm, respectively) with peak broadening for the second sample associated to corresponding diameter broadening. Both, small peak shi and peak broadening were previously observed in transition metal oxides MNPs (especially in a systematic study of UV-vis absorption spectra of MNPs with different shape and size).
41-43

Structure analysis
Standard powder X-ray diffraction does not allow for distinguishing between different possible g-Fe 2 O 3 structures. Therefore, the structure of IONPs in our samples was studied by the synchrotron radiation powder diffractometry at the SwissNorwegian beam-line (ESRF, Grenoble). For the powder XRD pattern of IONPs in sample CP, all diffraction reections of g-Fe 2 O 3 can be tted using the magnetite space group Fd 3m with the cubic unit cell parameter a ¼ 8.3512(2)Å and no superstructure reections are observed (the powder XRD proles, experimental, calculated and different, are shown in Fig. S4 †) ; for characteristics of the structural parameters see Table S1 . † Renement of the Fe atom occupation in octahedron (85.5%) and tetrahedron (100%) positions of the magnetite structure leads to the composition Fe 2.03(2) O 3 . Several single diffraction reections selected for the crystalline diameter estimation (see Table S2 †) point to isotropic crystalline diameter with the average value of (9.4 AE 0.1) nm. This value is in agreement with the d T of (9.0 AE 2.5) nm determined from the TEM study.
On the other side, the structure of IONPs in sample CP + HT turns to be much more complex than in the previous case of CP sample. In fact, the obtained powder XRD pattern of the former sample (Fig. 2) shows one phase -maghemite, g-Fe 2 O 3 , and the majority of the diffraction maxima can be tted using the magnetite space group Fd 3m with the cubic unit cell parameter a ¼ 8.3551(3)Å. However, three weak reections, 101, 102 and 112, (marked red in Fig. 2 ) violate the glide planes d. Hence, the cubic subgroup P4 3 32, which is non-centrosymmetric and free of the d-planes, has been used for the deeper structure investigation. This space group allows distinguishing between Fe-octahedral positions, being of 62% and 95% occupancy (octa-positions 4b and 12d, respectively), while the tetrahedron position shows of 98.5% occupancy (see a scheme of regular structure in section normal to [1À10] given in Fig. S5a †) . The composition has been rened as Fe 2.06(2) O 3 . For this model (Model I in Fig. S5 †) , residual electron density map (REDM) calculated in the vicinity of Fe and O atoms contains a set of regularly distributed signicant extra maxima, which are not associated with the regular structure (Fig. S5b † le panel) . The extra maxima have been interpreted as a contribution of enantiomorphous distribution of Fe atoms linked by the inversion centre with the main structure at the same close packing of O atoms (Fig. S5b † right panel) . An inclusion of 2% enantiomorphic contribution (Model II in Fig. S5 †) removes the extra-maxima from REDM ( Fig. S5b † right panel) and better ts the powder XRD prole (experimental, calculated and different are given in Fig. S6 †) . Characteristics of the structural parameters are given in Table S3 . † Some domains of maghemite contain areas with a statistical distribution of Fe atoms corresponding either to the main or to the enantiomorphic modi-cations. The close packing of O-atoms is homogeneous in each domain, i.e. common for both Fe distributions. In average, about 2% Fe atoms match their enantiomorphous distribution. A few possible intergrowth schemes are proposed and shown in Fig. S7 . † Interestingly, one very weak diffuse reection points to a tendency to form a superstructure. This reection can be indexed as 202 in the tetragonal unit cell with a tet ¼ a cub and c tet ¼ 3c cub (insert in Fig. 2 ). The average crystallite diameter was estimated equal to (17.4 AE 0.1) nm with practically isotropic variation from 16.6 nm to 18.5 nm depending on the crystallographic direction (see Table S8 †) . These values are in agreement with the d T of (18.1 AE 4.9) nm determined by TEM.
The iron vacancies distribution in the octahedral sites in g-Fe 2 O 3 , and their degree of ordering have been the focus of studies over several decades. [44] [45] [46] In the case that cation vacancies are randomly distributed over the octahedral sites, the space group is Fd 3m as in magnetite, Fe complete ordering of iron atoms would result in a spinel tetragonal superstructure with spinel cubic cell tripled along the c axis, e.g. c ¼ 3a, as we also observe in our sample CP + HT. Thus, we observe different iron vacancies ordering in IONPs in our samples. In sample CP, iron vacancies are randomly distributed over all octahedral sites and thus, the space group Fd 3m could be used. This is in agreement with previous studies which reported that very small NPs of g-Fe 2 O 3 do not show vacancy ordering.
12,46,47 On the contrary, for IONPs in sample CP + HT, space group P4 3 32 has been found implying iron vacancies ordering even with a tendency to form superstructure. The same observation was previously reported for IONPs with crystalline diameter larger than 64 nm or 84 nm. 47 This higher order in the structure of IONPs that we found in the second sample can be associated to the novel synthesis route which includes a HT step that allows for crystallisation and hence, equilibration of iron vacancies.
Magnetic properties
For applications of NPs in hyperthermia treatment, it is crucial to control magnetic properties of the materials, and therefore, detailed characterization of magnetic properties was done for IONPs.
From the measurement of magnetisation as a function of magnetic eld strength, H (M(H) curves are given in Fig. 3a) , (mass) saturation magnetisation, M s , can be obtained as a plateau where value of M saturates. In our samples CP and CP + HT (Fig. 3a) 50 This layer reduces the magnetic volume with respect to the total volume, and the M s value of the IONPs is lower than that of the bulk, M sb . Thus, M s measured for MNPs can be written as:
where r is the average radius of NPs, t is the thickness of magnetically dead layer, M s is the saturation magnetisation of IONPs, and M sb is the saturation magnetisation of the bulk g- 52 The obtained difference of the order of magnitude is consistent with the difference in the magnetic volume, and with other reported values.
53
AC susceptibility, c, versus temperature, T, of suspension of IONPs in both samples was measured at a frequency of 2154 Hz (Fig. 3b and c) . The obtained curves of both samples showed a gradual increase of c along with T. The rst feature to be outlined is the high jump of the susceptibility when the liquid melts. At this moment the blocked nanoparticles (ferrimagnetic) can rotate following the eld in what is called Brownian relaxation. For sample CP a peak can be clearly observed at a T of $120 K that corresponds to the blocking T, T B , in a superparamagnetic (SPM) system or to the Verwey transition in a superspin glass (SSG) system. 54 Furthermore, the in-phase (c 0 ) and out-of-phase (c 00 ) AC susceptibility versus T were measured at several frequencies of the alternating eld (100 Hz, 464 Hz, 2154 Hz and 10 000 Hz) and the expected peak shi could be observed ( Fig. S8 and S9 †) . The effective anisotropy constant, K, is oen calculated from the blocking temperature T B , which is for a single domain MNPs given by the expression:
For relatively small IONPs (roughly with diameter below $20 nm) T B can be obtained from DC measurement (a peak in the ZFC curve) or from AC measurement (a peak in the out-of-phase susceptibility, c 00 , as a function of temperature). 56 The obtained T B corresponding to the c 00 peak position is in the range of $105-125 K (Fig. S8 †) . This allows us to roughly estimate the effective anisotropy constant K of sample CP from the expression (2), as 10.7-12.7 Â 10 4 J m À3 . That is in agreement with values of K reported from IONPs of the comparable diameter.
57,58
For sample CP + HT with average d T of 18.1 nm (average crystalline diameter 17.4 nm), a peak in c vs. T curve is not visible, as also observed by others that larger IONPs (roughly with diameter above $20 nm) have T B above 250-300 K.
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Since such IONPs have T B above 250 K, meaning above the usual c vs. T measurement range and also above the bifurcation T in ZFC-FC curves, their K has to be obtained by some other mean. In fact, Bean and Livingston 55 derived the following expression for single domain particles in superparamagnetic regime bellow the blocking temperature:
where K is the effective anisotropy constant, k B is the Boltzmann constant, V m is the magnetic volume, T is the temperature, and M s is the saturation magnetisation. This relation was applied for numerous MNPs. 61, 62 IONPs in sample CP + HT having an average diameter of 18.1 nm and a large size distribution, also have T B above maximal temperature in a frozen state (250 K) used in AC measurement. Therefore, we measured hysteresis curves of IONP suspensions at 250 K, in the frozen state, and at 300 K, in the liquid state, that allowed us to extract the corresponding coercive eld H c and remanent magnetization M r at both temperatures (see Fig. 4 ). Sample CP showed the same behaviour at both temperatures, since it is already superparamagnetic at 250 K and therefore it does not show any coercivity either in the frozen or liquid state. The other sample of IONP suspension did not show any signicant coercivity at 300 K (see Table S5 † for values of H c and M r ) because even if some individual IONPs in these samples are in the ferrimagnetic state, they are free to rotate in the liquid state. However, by the measurements at 250 K, a temperature below the freezing point, where IONPs cannot rotate, we obtained their real coercivity. For IONPs in sample CP + HT, in c(T) curves at all measured frequencies (Fig. S9 †) we can observe a kink around $50 K previously attributed to a relaxation process 39, 63 and a kink around $120 K which is the T of Verwey transition in a SSG system, but also T B in a SPM system (meaning that former peak could originate from a fraction of small, e.g. superparamagnetic, 
IONPs in sample CP + HT).
54,55,64-66 Both, the c 00 peak position, T B , in sample CP and kinks in sample CP + HT are strongly frequency dependant as expected in the case of a SPM or a SSG system.
54,66-68
This is in agreement with previous studies of IONPs from almost perfectly non-interacting to interacting conditions (e.g. from SPM to SSG system, respectively). 54 In sample CP + HT in frozen state (frozen solvent and thus, xed positions of IONPs without possibility for Brownian rotation), we could deduce from the hysteresis curve at 250 K (see values for coercivity H c and remanent magnetization M r in Table S5 †) that M r /M s ratio is $0.2. That clearly shows a system of interacting IONPs even in the frozen state, since M r /M s ratio is 0.5 for non-interacting randomly oriented MNPs with uniaxial symmetry. 69 Consequently, the observed ngerprint of SSG behaviour goes along with the system of interacting IONPs in sample CP + HT. Then, we can apply eqn (3) and use the data from the hysteresis curve at 250 K to estimate a K value of 3.1 Â 10 4 J m À3 for sample CP + HT.
These values for the effective anisotropy constant of IONPs are in agreement with previously reported values. 57, 58, 70 We observed an increase of K in the CP sample with smaller diameter of IONPs. This oen observed behaviour in small MNPs has been discussed from different contradictory angles. For instance Goya et al. attributed enhancement of the MNP's anisotropy mainly to the effect of dipolar interactions. 69 On the other hand, the increase of K in MNPs with smaller diameter is oen attributed to the enlarged contribution of surface anisotropy to K. In fact, Bødker et al. proposed that K eff has two main contributions, from the volume and the surface anisotropy energy constants, K v and K s , respectively.
71 The phenomenological expression which describes this for the spherical MNPs with diameter d is:
In fact, this approach oen results in an estimated value of K v for MNPs close to that of the magnetocrystalline anisotropy energy (rst-order) constant of the bulk material.
71 Therefore, we approximated K v with the magnetocrystalline anisotropy energy (rst-order) constant of bulk g-Fe 2 O 3 that is 4.64 Â 10 3 J m À3 .
72 Thus, K s obtained from the expression (4) was 1.69 Â 10 À4 J m À2 for the sample CP which is one order of magnitude higher than K s of the other sample, 8 Â 10 À5 J m À2 , suggesting a higher contribution of the surface anisotropy to the effective anisotropy for the smaller IONPs, as expected, and reported by others.
71
Hyperthermia effect
For MNPs, heat dissipation depends on three material's properties: Néel and Brownian relaxation times (related to spin and particle relaxation, respectively), and hysteresis losses. SAR, as a rate of heat dissipation per unit mass of MNPs, is typically determined by these mechanisms. The highest SAR values give MNPs which are ferro/ferrimagnetic and hard magnetic phase. 8, 10, 15 In spite of this, for nanomedicine are preferred superparamagnetic and so magnetic phase MNPs, as shown for our IONPs (see Fig. 4 for M(H) curves, and Table S5 † whereas for sample CP + HT relaxation times of 3.79 s (Néel) and 3.91 Â 10 À6 s (Brownian) were calculated. Thus, for our superparamagnetic IONPs' suspensions, the prevalent relaxation mechanism is the Brownian relaxation with a small contribution of the Néel relaxation, as expected for suspensions.
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In order to obtain SAR values, suspensions of IONPs were exposed to AC magnetic eld and the increase in temperature with time (heating curve) was measured ( Fig. 5a and b) . It is worth noting that there are no standards for equipment and measurement procedures of SAR, leading to variability and issues of reproducibility in reported SAR values. 74, 75 Thus, the heating curves of all samples were measured minimum three times and the results show less than 10% deviation in-between the measurements (see Fig. S10 †) . The SAR values were extrapolated from the heating curves ( Fig. 5a and b) by using the formula: (Fig. 6a) . As expected, SAR increased with increasing frequency, an increase that is more pronounced for larger IONPs, as also observed by others. 76 Besides the correlation of SAR with f and H individually, their product f$H is important for clinical applications. As mentioned above, the product f$H should be below $5 Â 10 9 A m À1 s À1 for a safe clinical treatment by hyperthermia (this value depends on the exposed volume).
15
Thus, Fig. 6b were obtained for samples CP + HT. This was expected based rstly on high crystalline ordering and consequential better magnetic properties than found in the sample with lower SAR, but also based on a relatively broad size distribution of this sample (see Fig. 1c , no size exclusion performed), since smaller and larger IONPs contribute simultaneously to SAR increase by Néel and Brownian relaxations, respectively.
The strong dependence of SAR on f and H makes it difficult to compare SAR values measured at different elds. In order to overcome this issue, intrinsic loss power (ILP) was introduced as SAR normalized to f$H 2 , 77 derived from relaxation theory; it applies only to small eld amplitudes and small MNP size (the Néel relaxation model). 15 The ILP values as a function of the f$H product for all measured elds and frequencies are given in Fig. 7 It has to be pointed out that modelling of SAR does not t our experimental data suggesting that better understanding of a relation between models and the experimental results is urgently needed. Thus, a consideration of this issue is our next step.
Toxicity
For biomedical applications, it is essential that MNPs are nontoxic. Thus, for a preliminary toxicity assessment, we measured the cell viability (a relative number of live cells incubated 24 h with and without IONPs). The viability of HeLa cells aer their exposure to different IONPs' concentrations was assessed with the MTS assay, which measures the intracellular mitochondrial activity via the absorbance of the coloured formazan product at 490 nm (Fig. 8a) . Aer 24 h incubation of cells with IONPs, the cell viability was higher than 96% for Fe concentrations up to 200 mg Fe ml À1 for both samples. This would suggest that our IONPs are nontoxic. However, it is known that for NPs, different toxicity tests give oen different results and thus, lot of effort is placed in standardization and regulations in this domain. 78 Therefore, we also measured the cytotoxicity of IONPs using the PrestoBlue® assay (Fig. 8b) , which was obtained from the uorescence of the resazurin product at 615 nm. The results given in Fig. 6b showed that IONPs in sample CP + HT are nontoxic even for higher concentrations of iron (up to 200 mg Fe ml À1 ), while IONPs in sample CP showed low toxicity, e.g. (Fig. 8c ) and the PrestoBlue® assay (Fig. 8d) . By the MTS assay (Fig. 8c) , we obtained that IONPs of sample CP are nontoxic for both cell lines, while the PrestoBlue® assay (Fig. 6d) showed low and moderate cytotoxicity for higher iron concentration in the case of HeLa and LnCaP cells, respectively. These persistently observed differences in the two assays, the MTS and the PrestoBlue® assays, suggest that there is an urgent need for standardization in the domain of NPs' toxicity assessment and moreover, that better understanding of the MTS method itself is needed. The study in that direction is ongoing.
78,79
The advantage of CP + HT synthesis
As all previous characterisations showed, compared to sample CP, IONPs in sample CP + HT had advantageous properties arising from high structural order. In fact, all these properties, such as crystalline order, M s , V m , t, K, SAR, are mutually correlated and "driven" by ordering in the structure. In fact, it has been even reported that vacancy ordering cannot occur in very small IONPs because of numerous reasons, such as: oen too short synthesis time and/or too low synthesis temperature, which both do not allow complete development of ordering; but also surface effects which change the preferential distribution of cations and contribute to vacancy disorder. 12, 46, 47, 80 Indeed, iron vacancies ordering has been very rarely reported for small IONPs of $10 to 30 nm. 51, 80 Moreover, these rare results were obtained only for heat treated dry powders. But unfortunately, for biomedical applications IONPs need to remain in suspension. Thus, the challenge of synthesising highly-structurallyordered IONPs for biomedical applications by solely wet chemistry (without any drying step) was overcome in this work.
As mentioned above, we found in IONPs of sample CP + HT P4 3 32 symmetry with a tendency of iron vacancies ordering to form superstructure. The same observation was previously reported in IONPs with crystalline diameter larger than 64 nm or 84 nm where former IONPs were heat treated for 6 h at 280 C. 47, 81 Here, we obtained highly ordered structure in our IONPs with crystalline diameter of only 17.4 nm as a consequence of the novel synthesis route CP + HT. Thus, under the conditions of our CP + HT synthesis route, previously unexpected vacancy ordering occurs due to the specic synthesis conditions which include a relatively long HT treatment of 24 h at a relatively low temperature of 120 C that all allow for equilibration of the iron oxide structure. Moreover, an increase in magnetic properties is coupled with a decrease in spin canting at surface and/or in the bulk on MNP. In fact, it has been shown that among these two effects, the former has lower contribution to diminishing of magnetic properties. Thus, a control over spin canting which result from both structural disorders in the interior and on the surface of IONP is a key factor to control magnetic properties of MNPs, which is the case in our IONPs in sample CP + HT.
Conclusions
In summary, we have studied how our novel synthesis route CP + HT impacts the overall properties of the obtained IONPs and compared these with the corresponding properties of IONPs synthesized by the standard CP method. The results showed that the novel CP + HT synthesis has a strong impact on the overall properties of the obtained IONPs, especially on the magnetic properties and the magnetic heating power of the samples, and yields IONPs with superior properties as compared to IONPs obtained by CP. More importantly, concerning the structure, IONPs obtained by the CP + HT method had P4 3 32 symmetry with a tendency of iron vacancies ordering to form superstructure. Thus, this is the rst report of such high structural order in the IONPs synthesised without drying and in addition, with such a small diameter. The higher order in the structure of IONPs in CP + HT sample can be associated to the novel synthesis route which includes a HT step that allows for crystallisation and hence, equilibration of iron vacancies. We also showed that our IONPs synthesized by the CP + HT method are nontoxic. Moreover, the CP + HT synthesis route fulls requirements of nano-safety regulations. For all these reasons, the reported IONPs have real potential for biomedical applications.
